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ABSTRACT 
 
Past changes in seawater lead (Pb) isotopes record the temporal evolution of 
anthropogenic pollution, continental weathering inputs, and ocean current transport. To 
advance our ability to reconstruct this signature, we present methodological developments 
that allow us to make precise and accurate Pb isotope measurements on deep-sea coral 
aragonite, and apply our approach to generate the first Pb isotope record for the glacial to 
deglacial mid-depth Southern Ocean. 
Our refined methodology includes a two-step anion exchange chemistry procedure 
and measurement using a 207Pb-204Pb double spike on a ThermoFinnigan Triton TIMS 
instrument. By employing a 1012 Ω resistor (in place of a 1011 Ω resistor) to measure the low-
abundance 204Pb ion beam, we improve the internal precision on 206,207,208Pb/204Pb for a 2 ng 
load of NIST-SRM-981 Pb from typically ~420 ppm to ~260 ppm (2 s.e.), and the long term 
external reproducibility from ~960 ppm to ~580 ppm (2 s.d.). Furthermore, for a typical 500 
mg coral sample with low Pb concentrations (~6-10 ppb yielding ~3-5 ng Pb for analysis), we 
obtain a comparable internal precision of ~150-250 ppm for 206,207,208Pb/204Pb, indicating a 
good sensitivity for tracing natural Pb sources to the oceans. Successful extraction of a 
seawater signal from deep-sea coral aragonite further relies on careful physical and chemical 
cleaning steps, which are necessary to remove anthropogenic Pb contaminants and obtain 
results that are consistent with ferromanganese crusts. 
Applying our approach to a collection of late glacial and deglacial corals (~12-40 ka 
BP) from south of Tasmania at ~1.4-1.7 km water depth, we generated the first intermediate 
water Pb isotope record from the Southern Ocean. That record reveals millennial timescale 
variability, controlled by binary mixing between two Pb sources, but no distinct glacial-
interglacial Pb isotope shift. Mixing between natural endmembers is fully consistent with our 
data and points to a persistence of the same Pb sources through time, although we cannot rule 
out a minor influence from recent anthropogenic Pb. Whereas neodymium (Nd) isotopes in 
the Southern Ocean respond to global ocean circulation changes between glacial and 
interglacial periods, Pb isotopes record more localised mixing within the Antarctic 
Circumpolar Current, potentially further modulated by climate through changing terrestrial 
inputs from southern Africa or Australia. Such decoupling between Pb and Nd isotopes in the 
Southern Ocean highlights their potential to provide complementary insights into past 
oceanographic variability. 
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1. INTRODUCTION 
 
1.1 Motivation 
 
The oceanic distribution of radiogenic isotope tracers, such as neodymium (Nd), lead 
(Pb) and hafnium (Hf), provides valuable evidence on continental weathering sources and 
ocean circulation in the present and past oceans (see reviews by Frank, 2002; Goldstein and 
Hemming, 2003). Given differences between these elements in their continental weathering 
behaviour and/or oceanic residence times, there is significant potential for a multi-isotope 
approach to provide better constraints on those processes. Indeed, studies on ferromanganese 
crusts have explored such scenarios on million-year timescales, including the Neogene 
decoupling between Nd and Pb isotopes in the Indian Ocean linked to evolving Himalayan Pb 
inputs (Frank and O'Nions, 1998), and the decoupling of Nd and Hf isotopes in the North 
Atlantic attributed to changing erosional and weathering regimes (Piotrowski et al., 2000; van 
de Flierdt et al., 2002). However, while ferromanganese crusts represent a valuable archive of 
past seawater compositions, typical sampling approaches integrate over 104-106 years of crust 
growth. Considering the short oceanic residence times of these elements and the timescales of 
ocean mixing, higher resolution reconstructions at hundred-year to thousand-year timescales 
would be valuable for resolving glacial-interglacial to sub-millennial changes and fully 
exploiting such a multi-isotope approach.  
Neodymium isotopes have become relatively well established as a tracer in 
Quaternary paleoceanography and may now be reconstructed at sub-millennial resolution 
from fish teeth and foraminifera in sediment cores (Roberts et al., 2010; Tachikawa et al., 
2014), and potentially at centennial resolution from deep-sea corals (Colin et al., 2010; van 
de Flierdt et al., 2010; Wilson et al., 2014). In contrast, Pb isotopes have received less 
attention – to date no records have been published from foraminifera, while fish teeth appear 
to be an unsuitable archive for Pb isotopes (Basak et al., 2011). Records of Pb isotope 
changes over shorter time periods have therefore been based on micro-drilling or laser-
ablation of ferromanganese crusts (e.g. Abouchami et al., 1997; Claude-Ivanaj et al., 2001; 
Foster and Vance, 2006), or acid-reductive leaching in marine sediment cores (e.g. Gutjahr et 
al., 2009; Crocket et al., 2012; Wilson et al., 2015a), with the majority of these studies carried 
out in the North Atlantic region to assess changes in weathering mechanisms or fluxes in 
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response to glaciation. However, the above approaches cannot be universally applied in all 
settings and will often provide only modest time resolution. In particular, while the Southern 
Ocean is an important region for water mass ventilation and mixing, and one in which 
ferromanganese crusts and nodules document spatially variable Pb isotopes (Abouchami and 
Goldstein, 1995), it is a challenging setting for sediment-based approaches and at present 
there are no glacial-interglacial records from this region. 
Given the success of Nd isotope reconstructions from deep-sea corals, our aim here is 
to explore the suitability of deep-sea coral aragonite for reconstructing Pb isotopic 
compositions of the pre-anthropogenic oceans, and to provide a first paleoceanographic case 
study from the deglacial Southern Ocean near Tasmania. Building upon previous studies 
tracing anthropogenic Pb using Pb isotopes in surface corals (e.g. Shen and Boyle, 1987; 
Kelly et al., 2009; Lee et al., 2014), and most recently in deep-sea corals (Lee et al., 2017), 
our study represents the first coral-based attempt to resolve temporal variability in Pb 
isotopes in the pre-anthropogenic oceans. 
 
1.2 Lead and Pb isotopes in the oceans 
 
Lead has four naturally-occurring isotopes, with the radiogenic isotopes 206Pb, 207Pb 
and 208Pb produced from the decay series of 238U, 235U and 232Th, respectively, while 204Pb is 
non-radiogenic and entirely primordial. These multiple semi-independent isotopes reflect 
time-integrated U/Pb and Th/Pb ratios of their sources, making Pb isotopes a powerful source 
tracer, both for sediment provenance and for dissolved inputs to the oceans. With a short deep 
ocean residence time of ~50-200 years (Cochran et al., 1990; Henderson and Maier-Reimer, 
2002), the dissolved Pb isotopic distribution is controlled by both continental inputs (e.g. 
weathering and dust) and water mass mixing at a basin scale (e.g. Abouchami and Goldstein, 
1995; see also review by Frank, 2002). In comparison to Nd isotopes, which have a longer 
deep ocean residence time of ~300-1000 years (Tachikawa et al., 1999; Siddall et al., 2008; 
Arsouze et al., 2009), Pb isotopes are expected to be more sensitive to local inputs and 
regional scale mixing (Abouchami and Goldstein, 1995; von Blanckenburg et al., 1996; 
Vlastelic et al., 2001). Such differing characteristics may help to explain the greater spatial 
variability of Pb isotopes than Nd isotopes in Southern Ocean ferromanganese nodules 
(Abouchami and Goldstein, 1995), pointing to their complementary value as ocean tracers. 
Our understanding of Pb isotopes in the oceans has come predominantly from 
measurements on historical and modern seawater; from early pioneering work (e.g. Schaule 
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and Patterson, 1981; Shen and Boyle, 1988b), through to the inclusion of Pb isotopes as a key 
parameter in the international GEOTRACES programme (e.g. Boyle et al., 2014; Noble et al., 
2015). These studies indicate that the modern oceanic Pb cycle has been dominated by 
anthropogenic inputs since the industrial revolution. In particular, Pb concentrations and 
isotopes in the North Atlantic Ocean track the changing anthropogenic Pb inputs through 
time and their subsequent dispersal by ocean circulation, with Pb carried into the deep ocean 
by ventilation of the thermocline (Shen and Boyle, 1988b) and by sinking and advection of 
North Atlantic Deep Water (Alleman et al., 1999). Through time, that tongue of 
anthropogenic Pb has deepened, likely due to a combination of both mixing and semi-
reversible particle scavenging (Sherrell et al., 1992; Noble et al., 2015). Anthropogenic Pb 
inputs from Europe and North America have decreased dramatically since the 1970s (Kelly et 
al., 2009) and the Indian and northwest Pacific Oceans are now seeing the most significant 
anthropogenic inputs (e.g. Echegoyen et al., 2014; Lee et al., 2015). In the South Atlantic 
region, Pb isotopes trace ocean transport in the Agulhas Current due to the distinct Pb isotope 
signatures of modern Indian surface waters (Paul et al., 2015b). It is also clear that no part of 
the global ocean has remained unperturbed by anthropogenic Pb, including waters around 
Antarctica (Flegal et al., 1993) and the abyssal depths of the Pacific Ocean (Schaule and 
Patterson, 1981; Wu et al., 2010), with the latter observation testifying to the role of particles 
in transporting Pb into the deep ocean even in regions that have not been recently ventilated. 
Although such seawater studies guide our understanding of Pb as a tracer, they also 
highlight a complication for paleoceanographic studies because the modern seawater Pb 
isotopic composition reflects a strong overprinting of natural source signatures by 
anthropogenic inputs. In addition, in many locations, the Pb isotopic composition and 
concentrations are changing rapidly through time (Noble et al., 2015; Lee et al., 2017), 
providing a further challenge to calibration efforts. Therefore, despite their low resolution for 
generating paleoceanographic records, ferromanganese crust compositions provide valuable 
evidence on pre-anthropogenic Pb compositions of seawater.  
 
1.3 Potential of Pb isotopes in deep-sea corals as a pre-anthropogenic ocean tracer 
 
Deep-sea corals have recently emerged as a versatile archive for reconstructing past 
chemical oceanographic changes (e.g. Robinson et al., 2014). In particular, they are suitable 
for U-Th dating, providing both absolute ages and the potential for reconstructing changes at 
approximately centennial resolution during the last deglaciation. That capability has enabled 
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high resolution studies using multiple proxies, including radiocarbon for ocean ventilation 
(e.g. Chen et al., 2015), clumped isotopes for temperature (e.g. Thiagarajan et al., 2014) and 
Nd isotopes for water mass sourcing (e.g. Colin et al., 2010; Wilson et al., 2014). Including 
Pb isotopes in this multi-proxy approach would be valuable, which motivates the exploration 
of deep-sea corals as a potential archive for seawater Pb isotope compositions. 
Measurements of both Pb concentrations and Pb isotopes have previously been made 
on annually-banded aragonitic corals from the surface ocean, in particular to extend historical 
records of anthropogenic Pb pollution beyond the earliest reliable seawater measurements 
(e.g. Shen and Boyle, 1987; Kelly et al., 2009; Lee et al., 2014). Those studies indicate an 
apparent distribution coefficient (Kd) for Pb between seawater and aragonite of ~2-4 (see also 
Shen and Boyle, 1988a). In addition, there is good agreement between Pb isotope data from 
corals and seawater measurements where they overlap in time (Kelly et al., 2009), indicating 
a clear potential of coral aragonite to record seawater Pb isotopic compositions.  
Although Pb isotope measurements are well established in surface corals, the deep 
ocean has lower Pb concentrations than the surface ocean due to the strong sensitivity of Pb 
to particle scavenging, while the pre-anthropogenic oceans likely had 10-20 times lower Pb 
concentrations than the modern or recent oceans (Schaule and Patterson, 1981; Kelly et al., 
2009). These factors make it a potentially more challenging task to measure Pb isotopes in 
fossil deep-sea corals. To date, only one study has presented Pb isotope data from a deep-sea 
coral, which focused on tracing the incursion of anthropogenic Pb in recent centuries to 
decades (Lee et al., 2017), while Pb isotopes in corals have not yet been applied to resolve 
changes in the pre-anthropogenic oceans. Considering the low end of modern deep ocean Pb 
concentrations from the Indian Ocean (e.g. 1.5-5 pmol/kg; Echegoyen et al., 2014) to 
approximate the pre-anthropogenic oceans, Pb concentrations in deep-sea coral aragonite are 
expected to be low i.e., ~1-4 ppb (Pb/Ca ~0.5-2 nmol/mol) assuming a Kd of ~2-4 similar to 
surface corals (Shen and Boyle, 1988a), or <20 ppb (Pb/Ca < 10 nmol/mol) based on a Kd of 
~3-20 observed for deep-sea corals (Adkins et al., 2004; Lee et al., 2017). Consequently, 
there may be a high possibility for diagenetic or anthropogenic Pb contamination, while 
accurate and precise measurements on only a few nanograms of Pb require low blank levels 
and high sensitivity mass spectrometry. In addition, whereas measurements of the major 
isotope ratios (i.e., 206Pb/207Pb and 208Pb/207Pb) are generally considered sufficient for tracing 
anthropogenic Pb sources with highly variable isotopic compositions (e.g. Kelly et al., 2009; 
Lee et al., 2017), we anticipate that measuring the minor isotope 204Pb (~1.4 % of total Pb) 
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would be valuable in order to fully exploit this isotope system for tracing natural sources in 
the pre-anthropogenic oceans.  
 
1.4 Outline of this study 
 
Here we assess the viability of measuring Pb isotopes in deep-sea coral aragonite, 
building upon previous studies that measured Nd isotopes in fossil deep-sea corals (van de 
Flierdt et al., 2010; Crocket et al., 2014) and a recently developed method for high precision 
seawater Pb isotope measurements by TIMS (Paul et al., 2015a). To this end, we present a 
further methodological advance for our TIMS methodology, by using a 1012 Ω resistor for the 
204Pb measurement on sample sizes of ~2 ng Pb. We also determine appropriate sample 
processing and chemical separation techniques for carbonate samples, using an in-house coral 
standard, the USGS BCR-2 rock standard, and procedural blank tests. We use physical and 
chemical coral cleaning experiments to assess the requirements for removing detrital or 
ferromanganese oxide coatings and potential anthropogenic contaminants. Finally, we apply 
our refined methodology to generate the first late glacial and deglacial Southern Ocean Pb 
isotope record from intermediate water depths near Tasmania. This new data can be 
interpreted in terms of past changes in Pb sources and ocean current transport, in relation to 
regional and global climatic change. 
 
2. METHODS 
 
2.1 Samples and oceanographic setting 
 
Our study is based on a collection of deep-sea scleractinian corals that were collected 
by the deep submergence vehicle JASON on cruise TN-228 of the R/V Thompson south of 
Tasmania in 2008-2009 (Thiagarajan et al., 2013). In total, more than 10,000 specimens of 
Desmophyllum dianthus were collected from ~0.8-2.4 km water depths on the Tasmanian 
Seamounts (43-47 °S, 144-152 °E) (Fig. 1). Our deglacial Pb isotope record was generated on 
25 specimens that were mostly collected from ~1.4-1.7 km water depth (Fig. 2) at the Tasman 
Shelf setting (Thiagarajan et al., 2013). The majority of those samples were precisely dated 
by U-Th isotopes by Hines et al. (2015), while U-Th data from a few additional samples that 
were not previously published are presented in Table S1. In addition, we present coral 
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cleaning experiments that were carried out on an undated fossil coral specimen that was 
collected south of Tasmania on cruise SS01-2008 of the R/V Southern Surveyor in the 
location of Sisters Pinnacles (44 °S, 147 °E, ~1.2 km water depth). 
The oceanography in this region (Fig. 2) involves a complex interplay between Upper 
Circumpolar Deep Water (UCDW) and Pacific Deep Water (PDW) at mid-depths, overlain 
by Antarctic Intermediate Water (AAIW) above ~1.2 km (Sokolov and Rintoul, 2000; 
Macdonald et al., 2009; Bostock et al., 2013) and underlain by Lower Circumpolar Deep 
Water (LCDW). The sample used for our cleaning experiments was collected from within the 
deepest levels of the modern AAIW depth range (Fig. 2a), whereas the deglacial record is 
based on corals collected at depths predominantly influenced by a mixture of UCDW and 
PDW at present (Fig. 2a,b). 
 
2.2 Physical and chemical cleaning  
 
The aim of physical and chemical cleaning is to remove potential sources of 
contamination from detrital particles, ferromanganese coatings or anthropogenic 
contaminants that may be associated with fossil coral skeletons, allowing measurements to be 
made on the coral aragonite itself. Cleaning procedures for deep-sea corals have previously 
been assessed for Nd isotopes (van de Flierdt et al., 2010; Crocket et al., 2014), building upon 
methods developed for other trace elements (Shen and Boyle, 1988a; Lomitschka and 
Mangini, 1999; Cheng et al., 2000). Given the higher Pb/Nd expected in ferromanganese 
coatings compared to seawater (and therefore coral aragonite), mass balance considerations 
suggest that cleaning may be even more important for reliable Pb isotope measurements. In 
addition, the Pb isotope system is sensitive to anthropogenic Pb contaminants, which also 
need to be removed. 
Our cleaning procedure closely followed that of van de Flierdt et al. (2010) and is 
summarised only briefly here. Physical cleaning involved diamond blade drilling with a 
Dremel tool to remove potential ferromanganese coatings and detrital sediment from the 
exterior, while interior cavities or discoloured patches within the skeleton were cut away. The 
subsequent chemical cleaning procedure included repeated oxidative and reductive steps and 
is fully described in Table S2. The first cleaning steps (i.e., pre-cleaning) were carried out in 
a non-classified clean room using acid-cleaned 15 mL Falcon centrifuge tubes, while 
subsequent cleaning steps used acid-cleaned 15 mL Teflon centrifuge tubes. The final 
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cleaning steps, which used EDTA for the removal of any adsorbed trace metals and dilute 
nitric acid (0.2 %) for surface leaching, were carried out in a Class 10 laminar flow hood 
within a Class 1000 clean room. 
 
2.2.1 Coral cleaning experiments 
We carried out a series of cleaning experiments on six subsampled pieces of the same 
fossil coral skeleton from cruise SS01-2008 (samples A-F). For each sample, the coral was 
broken into 30-50 mg pieces before being subjected to chemical cleaning. 
(A) Sample A: 1.39 g of physically cleaned coral was split into two equal portions for 
separate chemical cleaning, before recombining for digestion. The digest was then split into 
three separate aliquots for column chemistry (A.1, A.2, A.3), of which A.3 was subjected to 
an additional aqua regia step before column chemistry. Samples A.1 and A.3 were analysed 
individually for their isotopic compositions by TIMS, while sample A.2 was split into 
multiple aliquots before TIMS analysis, allowing measurements to be made on both large 
(~45 ng) and small (~1.5 ng) quantities of Pb.  
(B) Sample B: 0.59 g of physically cleaned coral was chemically cleaned and 
represents a full replicate of sample A. 
(C) Sample C: 0.47 g of physically cleaned coral was chemically cleaned and also 
represents a replicate of sample A, but in this case it was crushed to a fine sand in an agate 
mortar before chemical cleaning. 
(D) Sample D: 0.35 g of coral was chemically cleaned but not physically cleaned 
beforehand. 
(E) Sample E: 0.36 g of coral was not physically or chemically cleaned, but was 
subjected to the final three rinses of the cleaning procedure (i.e., nitric acid, EDTA and nitric 
acid) in order to remove potential surface contaminants. 
(F) Sample F: 0.20 g of coral was physically but not chemically cleaned, and was then 
subjected to the final three rinses of the cleaning procedure in order to remove potential 
surface contaminants (as for sample E). Due to sample limitation, this sample was a smaller 
size and it was taken from near the base of the coral rather than from within the upper septae. 
 
2.3 Laboratories and reagents 
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All subsequent preparation was carried out in Class 10 laminar flow hoods within the 
Class 1000 MAGIC clean room facility at Imperial College London. Milli-Q water from a 
Millipore system (resistivity > 18.2 MΩ) and Savillex Teflon vials were used throughout. 
The acids used were either Optima/Suprapure grade (concentrated HBr) or were distilled in-
house from reagent grade acids in quartz stills or Savillex Teflon stills (~16M HNO3 and 
~6M HCl). Lead blanks for these acids were typically < 2pg/mL. Teflon vials were cleaned in 
both 6M HCl and 2M HNO3 on hotplates at ~100 °C, before being individually refluxed 
twice in 2M HNO3. Teflon columns were also cleaned in heated 3M HCl, 2M HNO3 and 
dilute HNO3 between use, which was important to avoid Pb retention contributing to 
procedural Pb blanks. 
 
2.4 Sample and standard preparation 
 
Following cleaning, coral samples were digested in 6M HCl (around 10 % in excess 
of that required to digest the carbonate). The sample solution was dried down and converted 
multiple times to bromide form, before dissolution in 5 mL or 10 mL 2M HBr in preparation 
for column chemistry.  
An in-house coral Pb standard was prepared from the same coral powder that was 
used for the coral Nd standard in Crocket et al. (2014). Approximately 129.11 g of coral 
powder was dissolved in 500 mL of ~6M HCl. It was centrifuged to allow remaining solid 
material to be removed and subsequently stored as a stock solution in a large Teflon beaker. 
An aliquot was spiked with our 207Pb-204Pb double spike, put through column chemistry and 
its isotopic composition measured on the ion counter of the TIMS (as described below for 
blank measurements), allowing us to determine its Pb concentration as ~77 ng/mL, reflecting 
approximate Pb concentrations in the coral powder of ~310 ppb (Pb/Ca ~150 nmol/mol). This 
concentration is much higher than typical Pb concentrations in cleaned corals (see later), 
which may reflect the less rigorous cleaning applied to the standard material (i.e., only sand-
blasting, with no use of the Dremel tool for careful physical cleaning, and no chemical 
cleaning or rinsing). A similar observation was described for Nd by Crocket et al. (2014). 
A BCR-2 rock standard was prepared by digesting 87.58 mg of BCR-2 powder in a 
mixture of 2.5 mL concentrated HF and 0.625 mL concentrated HNO3. It was refluxed on a 
hotplate at 140 °C for 3 days, dried down, and converted to HNO3 three times. It was then 
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dried down and taken up in 9.652 mL ~6M HCl and refluxed on a hotplate at 120 °C 
overnight, to give a stock BCR-2 solution with an expected Pb concentration of 100 ng/mL.  
 
2.5 Column chemistry for elemental separation 
 
Elemental separation of the Pb from the carbonate matrix was based on a two-step 
HBr-HNO3 anion exchange chemistry using AG1-X8 resin, adapted from Paul et al. (2015a) 
after Lugmair and Galer (1992). Two column steps were employed in order to remove matrix 
elements (e.g. calcium) sufficiently well to achieve good ionisation of Pb for analysis by 
TIMS. Our first column step followed that employed by Paul et al. (2015a), except for 
omitting trace HF from the HBr solutions, which had been introduced in that study to prevent 
re-precipitation of Si from the seawater sample matrix after co-precipitation. In brief, we used 
100 µL shrink-fit Teflon columns with an internal diameter of ~3 mm and a reservoir volume 
of ~2 mL that were filled with AG1-X8 100-200 mesh resin. After equilibration with 2x 0.1 
mL 2M HBr, samples were loaded in 5 mL 2M HBr, the matrix was eluted in 2x 0.1 mL 2M 
HBr, 2x 0.5 mL 0.2M HBr-0.5M HNO3, and 0.2 mL 0.03M HBr-0.5M HNO3, and finally the 
Pb fraction was eluted in 3 mL 0.03M HBr-0.5M HNO3. 
For the second (clean-up) step, we initially followed the second column step of Paul 
et al. (2015a) scaled for 100 µL columns. However, we observed a significant loss of Pb 
during that second step, for both the NIST-SRM-981 Pb standard and our in-house coral 
standard, leading to yields of ~60-70 %, consistent with the column yields reported by Paul et 
al. (2015a). This loss of Pb was overcome by instead repeating the first column step a second 
time. In that case, based on tests on our in-house coral standard, two passes through 100 µL 
columns lead to a good yield (better than 90 %) when processing the equivalent of ~200 mg 
of coral, while the yield declines rapidly above ~300 mg (Fig. 3), indicating saturation of the 
resin by matrix elements. Therefore, for our target coral sample size of ~400-500 mg, the 
dissolved samples were split into two aliquots for the first column step, before being re-
combined for the second (clean-up) column step. A more elegant approach for future studies 
might instead use larger 200 µL columns for the first step and modify the acid volumes 
accordingly.  
Chemistry batches included in-house coral standards (large: 400 µL, ~31 ng Pb; 
small: 40 µL, ~3.1 ng Pb), BCR-2 rock standards (typically 20 µL, ~2 ng Pb) and blanks. 
Measured blanks included column blanks, combined digestion and column blanks, and full 
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procedural blanks, all of which were treated identically to samples from the appropriate 
stages of the process. 
 
2.6 Lead isotope measurements by TIMS using a 207Pb-204Pb double spike 
 
Lead isotope measurements were made using a 207Pb-204Pb double spike on a Thermo 
Finnigan Triton TIMS, building on the seawater method pioneered by Paul et al. (2015a). The 
approach to analyse both unspiked and spiked samples is the most precise and accurate way 
to correct for instrumental mass fractionation in a system without an invariant non-radiogenic 
isotope pair (e.g. Hamelin et al., 1985; Galer, 1999; Thirlwall, 2000; Taylor et al., 2015). 
After column chemistry, a small aliquot (typically ~10 %) was analysed in order to establish 
approximate Pb concentrations on a NuPlasma MC-ICP-MS and thereby determine optimal 
spiking. The remaining sample was split, with 2/3 used for the unspiked measurement and 1/3 
used for the spiked measurement. The double spike prepared by Paul et al. (2015a) had a 
composition of 207Pb/204Pb=1.03181 and the target spike/sample ratio was ~1.2 (Rudge et al., 
2009). The unspiked and spiked Pb solutions were fully evaporated, re-dissolved in 1.5 µL 
2M HNO3, loaded on previously degassed zone-refined Re (99.999 %, H Cross, USA) single 
filaments, and dried at 0.4 A. Approximately 0.4 µL of silica-gel activator (made from silica 
nanoparticles in 0.16M phosphoric acid) was added and dried at 0.4 A, before final heating 
up to 1.8-2.0 A to evaporate the phosphoric acid and fuse the gel. After loading the sample 
turret into the TIMS source, the source was baked for 3 hours and allowed to cool for at least 
8 hours before starting measurements. As described in Paul et al. (2015a) (and references 
therein), source baking has multiple benefits of reducing the source pressure, fusing the silica 
gel, improving beam stability, and reducing potential hydrocarbon interferences. 
Lead isotope measurements were made in static mode using Faraday cups fitted with 
1011 Ω resistors, except for the simultaneous measurement of the 204Pb ion beam, for which 
we tested and proceeded to use a 1012 Ω resistor to improve precision on the ratios including 
this minor isotope. Due to the longer decay time of 1012 Ω than 1011 Ω resistors, an 
appropriate calibration of resistor DAC values is necessary to provide optimum performance 
(Trinquier et al., 2013), and DAC values of 160 were found to be appropriate for our TIMS. 
Otherwise, full details of the analytical method can be found in Paul et al. (2015a), with the 
further modification of removing inter-block peak centring in order to maximise acquisition 
time for samples given limited analyte material. Isotope measurements on pure NIST-SRM-
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981 standards were started at ~1280-1330 °C, while starting temperatures for samples were 
typically slightly lower at ~1220-1280 °C, with further inter-block heating when required to 
sustain ion beams. A single analysis required ~30 min for heating and tuning, followed by 
~48 min for measurement, including 15 blocks of 15 cycles with an integration time of 8.4 s 
and a wait time of 3 s, and half-mass baselines measured in between each block for 31.5 s 
with a 5 s pre-baseline wait. The measured isotopic data were processed using an iterative 
solver (based on Rudge et al., 2009) that was implemented as a macro within Microsoft Excel 
(Paul et al., 2015a). The exponential law was applied to correct for mass fractionation and 
was employed on a cycle-by-cycle basis, allowing the internal precision to be assessed from 2 
s.d./√n. 
Blanks were typically split into unspiked and spiked portions, as for samples, and 
analysed by TIMS. Due to the small ion beam sizes, these measurements were typically made 
using the ion counter by peak jumping in dynamic mode. That approach yields sufficiently 
reliable Pb concentrations by isotope dilution to assess blank levels, but Pb isotopic 
compositions for the blanks are only expected to be indicative, given the small ion beams and 
the deleterious influence of a growing or decaying beam on measurements made in dynamic 
mode. 
 
3. RESULTS 
 
3.1 Accuracy and precision of Pb isotope measurements 
 
3.1.1 Lead standard measurements  
Measured Pb isotopic compositions for the NIST-SRM-981 Pb standard are reported 
in Table S3 and summarised in Table 1. The NIST-SRM-981 standard data were measured on 
2 ng of Pb using either 1011 Ω or 1012 Ω resistors for the 204Pb beam, with excellent 
agreement between the two datasets (Table 1, Fig. 4a-b) and with published data (Galer and 
Abouchami, 1998; Taylor et al., 2015; Klaver et al., 2016). Using the 1012 Ω resistor in place 
of the 1011 Ω resistor improves the mean internal precision (2 s.e.) on 206,207,208Pb/204Pb 
(hereafter 20xPb/204Pb) from ~420 ppm to ~230 ppm for 2 ng of Pb, indicating an 
improvement in precision of ~40 % (Fig. 4c). The long term external reproducibility (2 s.d.) 
appears to scale as ~2.5 times the internal precision (Fig. 4d), and is similarly improved by 
~40% (from ~960 ppm to ~550 ppm) when using the 1012 Ω resistor in place of the 1011 Ω 
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resistor (Table 1). For the beam sizes obtained from 2 ng of Pb, Johnson noise (rather than 
counting statistics) is the dominant source of analytical uncertainty (Fig. 4c). Given potential 
enhancement of the signal-to-noise ratio by a factor of √10 with a 1012 Ω resistor, and the 
dominant influence of the 204Pb measurement on the precision of 20xPb/204Pb ratios, an 
improvement of up to 68 % in internal precision might have been expected (Trinquier et al., 
2013; Koornneef et al., 2014). Although that full improvement was not achieved, the 
observed improvement is approximately in line with expectations from noise measurements 
for the resistors on our instrument (~17 µV on 1011 Ω, ~11 µV on 1012 Ω) and is also 
comparable to other studies (e.g. John and Adkins, 2010). 
We further note that since the installation of a 1012 Ω resistor on the Imperial College 
TIMS in 2012/2013, Thermo Finnigan introduced a 1013 Ω resistor (Koornneef et al., 2014). 
By using the 1013 Ω resistor to measure the 204Pb beam, Klaver et al. (2016) obtained a 
reproducibility of 90–125 ppm (2 s.d., n=22) for 20xPb/204Pb measurements on 5 ng aliquots 
of NIST-SRM-981. Our results on 2 ng Pb standards are consistent with that study, although 
the 1013 Ω resistor clearly offers the potential for improved precision over the 1012 Ω resistor. 
Klaver et al. (2016) also suggested that the differential response and decay times of the 
different resistors may represent an additional challenge to obtaining accurate data, although 
such an effect is expected to be less significant for a 1012 Ω resistor than for a 1013 Ω resistor. 
Given the excellent agreement between standard measurements using 1011 Ω and 1012 Ω 
resistors for the 204Pb beam (Table 1), and the comparable scaling between internal precision 
and external reproducibility in both cases (Fig. 4d), there is no indication that such an effect 
is influencing the accuracy or precision of the data presented here. 
 
3.1.2 Rock and coral standard measurements  
Accuracy and reproducibility of our full method (including digestion and column 
chemistry) is assessed based on BCR-2 rock standard and in-house coral standard data, 
measured using the 1012 Ω resistor (Table S3, Table 1). For a 2 ng BCR-2 standard, typical 
internal precision on 20xPb/204Pb is ~700 ppm (2 s.e.) and external reproducibility (2 s.d.) is 
~1300 ppm. Those data are less precise than for a 2ng NIST-SRM-981 standard, in part 
reflecting chemistry yields of ~75 %, so that only ~1.5 ng was available for isotope analysis, 
but mostly reflecting poorer ionisation (by a factor of three) for the BCR-2 standards. The 
beam sizes obtained for 204Pb were therefore only ~1-3 mV (mean 1.7 mV) for ~1.5 ng BCR-
2, in comparison to beam sizes of ~2-15 mV (mean 6.7 mV) for 2 ng NIST-SRM-981 (note 
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that all signals are gain-corrected in the Thermo software as though measured on a 1011 Ω 
resistor and we report 204Pb beam sizes in this way throughout). Despite the small beam sizes 
which limit the precision of our BCR-2 measurements, the measured Pb isotope values are in 
excellent agreement with literature data measured on larger quantities of Pb (e.g. Woodhead 
and Hergt, 2000; Weis et al., 2006; Todd et al., 2015), indicating the accuracy of our method 
for small quantities of Pb. 
For our in-house coral standard, we obtain chemistry yields of typically 80-95 % 
(Table S3), and somewhat better ionisation than for the BCR-2 standard (i.e., only a factor of 
two poorer than for NIST-SRM-981 standards; Table 1). Lead isotope data from both 3.1 ng 
and 31 ng coral standards agree within error. For the 3.1 ng coral standards, the typical 
internal precision on 20xPb/204Pb is ~300 ppm (2 s.e.), with external reproducibility (2 s.d.) of 
~1000 ppm (Table 1). Similar relationships between beam size and internal precision, and 
between internal precision and external reproducibility, apply to the coral standard as for the 
pure NIST-SRM-981 standard (Fig. 4c,d). The external reproducibility is around 3 times the 
internal precision, which is only a slightly larger scaling than for the pure NIST-SRM-981 
standards (Fig. 4d, Table 1), constraining any variable matrix effect or blank effect from the 
digestion and chemistry steps to be minimal. Therefore, we use this 3:1 relationship to 
provide an estimate of the likely external reproducibility of Pb isotopic composition 
measurements on unknown coral samples based on their internal precision (e.g. Bizzarro et 
al., 2003; Todd et al., 2015). In addition, we note that Pb isotope measurements on the coral 
standards from our column yield test (Fig. 3) agree within their expected external 
reproducibility over the observed range of yields from ~50-90 % (Table S3), indicating that 
mass fractionation occurring on the columns (i.e., before spiking) is negligible (see also 
Figure 1 of Paul et al., 2015a). 
 
3.1.3 Lead blanks 
Full procedural blanks, including chemical cleaning, digestion, two-step column 
chemistry, loading and measurement, were typically ~20-40 pg, reflecting careful laboratory 
protocols developed over the course of the study. In detail, blanks for one-step column 
chemistry were 6±1 pg (1 s.d., n=6); blanks for the complete column chemistry procedure 
were 17±3 pg (n=8); blanks for digestion and complete column chemistry were 24±9 pg 
(n=7); and blanks for chemical cleaning, digestion and complete column chemistry were 
29±9 pg (n=6). Those blanks are comparable to blank levels reported in the seawater studies 
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of Paul et al. (2015a) that were carried out in the same laboratories. Isotopic measurements of 
the blanks are not very reproducible (206Pb/204Pb = 18.4 ± 0.9; 207Pb/204Pb = 15.2 ± 0.7; 
208Pb/204Pb = 37.2 ± 1.8; n=17; 1 s.d.), which may reflect in part the inherent uncertainty of 
measuring small and declining ion beams using the ion counter, but could also represent true 
variability in blank compositions. 
For the deglacial coral samples, the expected blank contribution represents ~0.03-2 % 
of our measured Pb. Considering a representative deglacial sample yielding ~8 ng of Pb, a 
maximum blank of ~40 pg would contribute ~0.5 % of the measured Pb. Based on the above 
reported isotopic composition of the blank, we estimate a possible offset to the measured 
sample values of ~0.002 for 206Pb/204Pb (~100 ppm), ~0.002 for 207Pb/204Pb (~150 ppm), and 
~0.008 for 208Pb/204Pb (~200 ppm). Given that these values are comparable to the internal 
precision of our measurements, and since the blank composition itself appears highly 
variable, no blank correction is applied. Even for our smallest deglacial coral sample (T20, 
yielding only ~1.7 ng of Pb), offsets due to a blank contribution are likely to be no more than 
~0.01 for 206Pb/204Pb (~500 ppm), ~0.01 for 207Pb/204Pb (~700 ppm), and ~0.04 for 
208Pb/204Pb (~900 ppm), which are larger than the internal precision (~400 ppm) but 
comparable to the estimated external reproducibility (~1200 ppm) for such a sample. 
We note here that during analyses of samples A-E from our cleaning experiment, 
blank levels were in the range of 150-330 pg and hence a lot higher than the long term values. 
The problem could largely be attributed to a contaminated source of concentrated HBr, and 
all our subsequent work was carried out using Suprapure/Optima grade HBr. Fortunately, the 
very high Pb concentrations of the coral samples in the cleaning experiment yielded 50-150 
ng of Pb per sample, resulting in blank contributions of ~0.5 % or less, which would 
contribute to offsets smaller than 200 ppm in all measured ratios. 
 
3.2 Coral cleaning experiments 
 
The Pb isotope results of our cleaning experiment are reported in Table 2 and plotted 
in Fig. 5. Replicate mass spectrometry measurements on aliquots of the same portion of fully 
cleaned coral (samples A.2a-d) agree within error. Chemistry replicates (i.e., samples A.1, 
A.2, A.3) and full procedural replicates on separate pieces of coral (i.e., samples A, B, C) also 
agree within error, with an overall mean 206Pb/204Pb = 18.768 ± 0.013 (2 s.d.; n=6; omitting 
here the measurements on aliquots of only ~1.5 ng Pb), indicating a reproducibility of ~700 
ppm. That calculation includes samples where an aqua regia step was included during 
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digestion (sample A.3), which had no noticeable effect on the Pb isotopic compositions, and 
where the coral fragments were crushed to a fine sand before cleaning (sample C), where 
there was possibly a minor offset, but not significantly larger than the difference between 
samples A and B. Excluding sample C, so that all samples underwent essentially the same 
physical and chemical treatment, leads to a reproducibility of ~420 ppm (2 s.d.; n=5).  
The Pb isotope results for sample F, which underwent physical cleaning and minor 
chemical rinsing steps (but not the full chemical cleaning procedure), also agree with the 
fully cleaned samples A-C. In contrast, sample E, which underwent no physical cleaning and 
only minor chemical rinsing steps (i.e., it is basically uncleaned), has a significantly different 
composition of 206Pb/204Pb = 18.210 ± 0.001 (2 s.e.), which is offset by ~30,000 ppm from 
the cleaned samples (Fig. 5c,d). Sample D, which underwent no physical cleaning but was 
subjected to the full chemical cleaning procedure, has a composition of 206Pb/204Pb = 18.703 
± 0.009 (2 s.e.), which is intermediate on a mixing line between the cleaned and uncleaned 
samples, although significantly closer to the cleaned samples (Fig. 5a,b). 
Estimated Pb concentrations in the chemically cleaned samples (samples A-D) were 
~300-380 ppb (Pb/Ca ~140-180 nmol/mol), compared to ~1000 ppb (Pb/Ca ~480 nmol/mol) 
in the uncleaned sample (sample E). These values all represent minimum estimates because 
they were calculated based on cuts taken after column chemistry, and for the sample sizes 
processed in the cleaning experiments we do not expect to have achieved 100 % yields (Fig. 
2). Nevertheless, these results suggest that ~60-70 % of the total Pb associated with this 
uncleaned coral was removed by the combined physical and chemical cleaning procedure. 
Sample F (i.e., physically cleaned and rinsed) had a significantly lower Pb concentration of 
~100 ppb (Pb/Ca ~50 nmol/mol) than the other samples, perhaps due to sampling from near 
the base of the coral rather than from the septae (pointing to complex controls on the Pb 
distribution in corals), but its Pb isotopic composition is identical to the fully cleaned corals. 
 
3.3 Deglacial Pb isotope record from Tasmania 
 
Lead isotope measurements on the suite of glacial and deglacial corals (Table 3) are 
shown in Pb-Pb crossplots (Fig. 6) and as a time series of 206Pb/204Pb (Fig. 7). Typical Pb 
concentrations for the cleaned deglacial samples were ~6-20 ppb (Pb/Ca ~3-10 nmol/mol), 
yielding ~3-10 ng of Pb for isotope analysis. In a few cases, much higher concentrations of 
~40-80 ppb (Pb/Ca ~20-40 nmol/mol), and in one case nearly 200 ppb (Pb/Ca ~100 
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nmol/mol) were observed (Table 3), resulting in significantly greater amounts of Pb for 
analysis. Therefore, our NIST-SRM-981 (2 ng) and in-house coral standards (3.1 ng, 31 ng) 
are quite appropriate for comparison to the measured coral data. Although a few samples 
have significantly higher Pb concentrations, their Pb isotopic compositions are not distinct 
from the low concentration samples, and no relationship between Pb concentrations and Pb 
isotopic compositions was detected in the full dataset. 
The Pb-Pb crossplots (Fig. 6) demonstrate a very close linear relationship between 
206Pb/204Pb and 208Pb/204Pb ratios (r2~0.97), which is also the case if a ratio involving 204Pb is 
plotted against an independent ratio not including 204Pb (e.g. 206Pb/204Pb versus 208Pb/207Pb; 
r
2
~0.99; not shown). Taken together, these observations provide strong support for the 
accuracy of our measurements, including the minor 204Pb isotope. In addition, the gradient of 
the correlation between 206Pb/204Pb and 208Pb/204Pb (Fig. 6b) is inconsistent with that 
expected for either uncorrected mass bias or 204Pb counting error, and appears to represent a 
binary mixing relationship. Furthermore, the excellent correlation in Pb-Pb space holds up, 
no matter whether internal precision or external reproducibility are considered (Fig. 6b). 
Variability in 207Pb/204Pb is less well resolved than for the other ratios (Fig. 6a), reflecting the 
more limited 207Pb variability in the natural environment, but remains consistent with those 
interpretations. In addition, full procedural replicate analyses of sample T24, incorporating 
both procedural reproducibility and potential sample heterogeneity, are in agreement (Table 
3) when considering external reproducibility (calculated as 3 times internal precision). 
Therefore, both the precision of our measurements and the reproducibility of the method 
appear suitable to resolve variability in the Pb isotopic composition of the coral skeletons. 
Considering the temporal changes recorded by the suite of corals (Fig. 7), there is 
high frequency variability on (sub-)millennial timescales, but no overall secular trend. In 
particular, based on the corals from 1.44-1.69 km water depth, the mean compositions during 
the last glacial period (~25-40 ka; 206Pb/204Pb = 18.76 ± 0.02, 1 s.d.), the Last Glacial 
Maximum (~17-23 ka; 206Pb/204Pb = 18.75 ± 0.03, 1 s.d.), and the Antarctic Cold Reversal 
(~12-14.6 ka; 206Pb/204Pb = 18.73 ± 0.06, 1 s.d.) are indistinct in comparison to the range of 
variability recorded within any of these time periods. 
 
4. DISCUSSION 
 
4.1 Recovering seawater Pb isotopes from deep-sea corals 
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The key advance from our analytical method development is the improved ability to 
resolve Pb isotope variability in sample sizes of 2-10 ng Pb. Whereas previous studies on 
marine carbonates have typically not reported the minor 204Pb isotope (e.g. Reuer et al., 2003; 
Kelly et al., 2009; Lee et al., 2017), here we take advantage of a double-spike TIMS method 
combined with a 1012 Ω resistor for the 204Pb beam to measure 20xPb/204Pb ratios on deep-sea 
corals with a typical internal precision of ~200 ppm (2 s.e.) and external reproducibility (2 
s.d.) of ~600 ppm (Fig. 6). Therefore, we are able to apply our method to corals that grew in 
the pre-anthropogenic era with low seawater Pb concentrations. The overall variability (i.e., 
range) in our deglacial coral dataset is ~15,000 ppm for 206Pb/204Pb (Fig. 7), or ~8000 ppm 
when excluding one particularly unradiogenic sample (T10), indicating that the natural signal 
exceeds measurement uncertainty by an order of magnitude. 
In addition to requiring accurate and precise Pb isotope measurements, our cleaning 
experiment demonstrates that physical and chemical cleaning of coral skeletons is critical for 
reliably recovering past seawater compositions from deep-sea corals (Fig. 5). In interpreting 
those results, we use ferromanganese crusts and nodules to provide evidence on the local pre-
anthropogenic seawater Pb isotopic composition in the Southern Ocean  (Abouchami and 
Goldstein, 1995; von Blanckenburg et al., 1996; Vlastelic et al., 2001), and the compositions 
of local Tasmanian aerosols (Bollhofer and Rosman, 2000) and modern Tasmanian river 
sediments (Townsend and Seen, 2012) to represent anthropogenic Pb contaminants to this 
region of the Southern Ocean. Comparison to these compositions indicates that the uncleaned 
coral (sample E) is strongly influenced by an unradiogenic anthropogenic Pb contaminant 
(Fig. 5c,d). In contrast, the Pb isotopic compositions of the fully cleaned corals (i.e., samples 
A-C) and the physically cleaned and rinsed coral (sample F) are consistent with the local pre-
anthropogenic seawater composition (Fig. 5a,b). 
Although surface anthropogenic Pb contamination of the uncleaned coral (sample E) 
could potentially have occurred during shipboard collection or laboratory sampling, we 
suggest instead that this Pb may represent a layer of anthropogenic Pb that was acquired post-
mortem from the modern water column, through processes such as surface adsorption or the 
formation of an organic or oxide coating. Based on recent observations of a significant 
anthropogenic Pb isotope imprint in modern day Southern Ocean intermediate water masses 
(Lee et al., 2015; Paul et al., 2015a), the modern day AAIW composition would appear to 
represent a suitable unradiogenic endmember for the uncleaned coral sample (Fig. 5c,d). If 
that modern AAIW composition is taken to be representative of the Pb recently added to the 
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coral, mass balance constraints (taking into account both Pb isotopes and the ~60-70 % Pb 
loss between uncleaned and cleaned samples; Section 3.2) would indicate that the full 
cleaning procedure is removing all of the recent Pb and very little of the natural Pb present in 
the corals.  
To summarise, our cleaning experiment highlights that physical cleaning is the most 
important step for producing reproducible Pb isotope results, and that physical cleaning 
combined with chemical rinsing may be sufficient (Fig. 5). Nevertheless, for consistency with 
other studies on deep-sea corals, such as those measuring Nd isotopes (van de Flierdt et al., 
2010; Crocket et al., 2014), we continued to apply full physical and chemical cleaning to all 
samples. As for the cleaned coral data from the cleaning experiment, the Pb isotope data 
collected from the cleaned deglacial corals also largely overlap with the compositions of 
Southern Ocean ferromanganese crusts, whereas they are quite distinct from the composition 
of the uncleaned coral (Fig. 8). Since the observations from the cleaning experiment seem to 
apply to this larger sample set, and given a hydrogenous origin for ferromanganese crusts, the 
deglacial data further support that dissolved Pb in seawater represents the main source of Pb 
in cleaned corals. 
Finally, we consider the evidence from Pb concentrations in the cleaned corals. The 
majority of the deglacial corals have relatively low Pb concentrations in the order of 6-20 ppb 
(Pb/Ca ~3-10 nmol/mol), as might be expected based on distribution coefficients of Pb in 
corals and likely deep ocean Pb concentrations (Section 1.3). However, much higher Pb 
concentrations in a few deglacial samples (Table 3), as well as in the cleaned corals from the 
cleaning experiment (Table 2), suggest that nano-scale phases could sometimes be important 
Pb carriers and may not always be completely removed by physical or chemical cleaning, as 
previously suggested by Adkins et al. (2004). Such phases could include seawater-derived Pb 
(e.g. organic particles, ferromanganese oxides; Adkins et al., 2004), but possibly also 
terrigenous grains (e.g. clays; Gutjahr et al., 2013). For the Tasmanian corals, while 
recognising that these measurements were made on separate subsamples, the lack of a 
relationship between Pb concentrations and 232Th concentrations (Hines et al., 2015), which 
would be elevated by the incorporation of terrigenous particles, does not appear to support 
terrigenous particles as the controlling phase. Given that there is also no relationship between 
Pb isotopes and Pb concentrations in these corals, it appears more likely that the Pb in any 
nano-scale phases has also been derived from seawater. Although it is not clear how much Pb 
is contained within the aragonite matrix versus that carried in nano-scale accessory phases 
(e.g.  oxides or organics), this scenario should not significantly impact on the ability of corals 
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to record seawater Pb isotopic compositions. Nevertheless, future work should be carried out 
to evaluate the mechanisms and timescale over which such phases are formed and to better 
constrain distribution coefficients for Pb in deep-sea corals.  
 
4.2 Deglacial evolution of Pb isotopes in the mid-depth Southern Ocean 
 
4.2.1 Binary mixing of seawater Pb recorded in coral skeletons  
The Pb isotope data from the deglacial corals overlap with the composition of 
Southern Ocean ferromanganese crusts and nodules (Abouchami and Goldstein, 1995; von 
Blanckenburg et al., 1996; Vlastelic et al., 2001) (Fig. 8) and clearly resolve binary mixing of 
two Pb sources in the mid-depth Southern Ocean south of Tasmania. The ultimate source of 
Pb to both the crusts and corals is predominantly from the weathering of continental rocks 
(e.g. typical values for the upper continental crust shown by black box in Fig. 8), with distinct 
signatures potentially supplied from different regions and transported and mixed by ocean 
currents. Although the plotted ferromanganese crust data are from a range of sectors and 
water depths of the Southern Ocean (Fig. 1), and predominantly from much deeper depths 
than the corals, they provide a first-order indication of the range of seawater Pb isotopic 
compositions that could potentially have influenced this location through time. In particular, 
there is excellent agreement between the deglacial coral data and the nearby ferromanganese 
crust SO-36/52KD (Fig. 6; von Blanckenburg et al., 1996), which was collected from south 
of Tasmania at a comparable water depth (1.7 km depth).  
The deglacial coral data also record Pb isotopic variability on short timescales (Fig. 
7), extending along a binary mixing line to somewhat less radiogenic Pb isotopic 
compositions than the nearby crust SO-36/52KD (Fig. 6). The least radiogenic coral sample 
clearly lies outside the field of all Southern Ocean ferromanganese nodule data (Fig. 9a,b), 
and a couple of samples are outside the limits of those data when considering 207Pb/204Pb at a 
given 206Pb/204Pb. Based on their isotopic compositions, we cannot rule out that the deglacial 
corals with the least radiogenic compositions may be seeing an anthropogenic Pb 
contaminant that has not been fully removed in these cases (Fig. 8), but we argue against this 
possibility for three reasons. First, the tightly constrained mixing lines in Pb-Pb space (Fig. 6) 
contrast with the wide variability in laboratory blank compositions (Section 3.1.3), suggesting 
that laboratory contamination would be unsuitable to explain the observed data. Second, the 
results of our cleaning experiment suggest that combined physical and chemical cleaning is 
very effective at removing surficial contaminants, even from a heavily contaminated coral 
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(Fig. 5). Third, there is no indication of elevated Pb concentrations in the samples with the 
least radiogenic isotopic compositions (Table 3), which is contrary to expectations if they 
were recording the addition of more recent anthropogenic Pb. We therefore consider that 
natural seawater-derived Pb controls the measured Pb isotopic composition of the deglacial 
coral samples. In that case, coral values that extend beyond the range recorded in 
ferromanganese crusts appear to indicate variability in Pb sources over short timescales that 
is hidden by temporal averaging in the crust and nodule data (e.g. Wilson et al., 2015a). 
 
4.2.2 Advected sources of Pb 
Since the majority of the coral samples record Pb isotopic compositions within the 
field of Southern Ocean ferromanganese crusts and nodules (Fig. 9a,b), water mass mixing 
may be the main control on the coral data. In general, the deeper depths of the Southern 
Ocean record more radiogenic Pb isotopic compositions (Abouchami and Goldstein, 1995; 
Vlastelic et al., 2001; van de Flierdt et al., 2006), raising the possibility that mixing between 
water masses at different depths could have influenced the Pb isotopic composition at 
Tasmania through time. However, it seems unlikely that the deep and bottom water masses of 
the Southern Ocean could have shoaled sufficiently to provide a significant contribution at 
the ~1.4-1.7 km depths of the corals. We therefore caution against a direct comparison with 
ferromanganese crust and nodule data from the deep basins. Considering that ~80 % of the 
crust and nodule data were recovered from 3.0-5.5 km water depth, our following discussion 
necessarily focuses on the evidence from the relatively small number of crusts and nodules 
recovered from mid-depths of the Southern Ocean. 
Given the strong eastward flow in the Antarctic Circumpolar Current, lateral 
advection may be important in supplying Pb to the Tasman corals from upstream. In that 
context, it is notable that mid-depth ferromanganese crusts from the Kerguelen Plateau (1.2-
2.6 km water depths; Fig. 1) record a range of Pb isotopic variability that is comparable to 
that seen in the deglacial corals (when excluding the one outlying unradiogenic data point) 
(Fig. 9a,b). Since those crust data reflect some combination of temporal and spatial 
variations, they clearly indicate the potential for a resolvable level of Pb isotopic variability 
in the Antarctic Circumpolar Current upstream of Tasmania. Furthermore, the radiogenic Pb 
isotopic composition of nodule V29-D6 from the Agulhas Basin (~3.0 km depth; Fig. 1) also 
overlaps with the Kerguelen crust and Tasmanian coral array (Fig. 9a,b), which suggests that 
a radiogenic Pb isotope signal is being carried with North Atlantic Deep Water (NADW) as it 
mixes eastwards within the CDW depth range (Abouchami and Goldstein, 1995; Vlastelic et 
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al., 2001). While that ‘Atlantic’ signal could potentially have been generated within the South 
Atlantic basin and exported with NADW, detrital sediment input to the Atlantic sector of the 
Southern Ocean (and its subsequent dissolution or exchange with seawater) could also 
provide a Pb source within the Antarctic Circumpolar Current. In particular, detrital 
sediments from the northern Agulhas Basin sites 1088-1090 of ODP Leg 177 (Noble et al., 
2012) appear to represent a suitable radiogenic endmember for the coral array (Fig. 9c,d), 
which suggests that southern African sediment inputs may be responsible for generating this 
signal. Meanwhile, the southern sites 1093 and 1094 from that study record less radiogenic 
Pb isotopic compositions, potentially reflecting South American and/or Antarctic inputs 
(Noble et al., 2012), but while there is some overlap of those data with the coral array, those 
sediments do not reach sufficiently unradiogenic compositions to provide the unradiogenic 
endmember for all the coral samples. 
Given the hydrographic setting of the corals near the boundary with Pacific water 
masses, the southwards advection of PDW might also be considered as a possible influence at 
Tasmania (Fig. 2b) and a potential source of unradiogenic Pb (Abouchami and Goldstein, 
1995). Indeed, the most proximal mid-depth southwest Pacific ferromanganese crust SO-
36/63KD (1.7 km water depth; Fig. 1) records distinctly unradiogenic values in its outer layer 
(e.g. 206Pb/204Pb = 18.75; van de Flierdt et al., 2004a; Fig. 9a,b). However, in detail, data 
from SO-36/63KD (and also data from the Pacific sector of the Southern Ocean more 
generally) have too low a 207Pb/204Pb ratio (at a given 206Pb/204Pb) for a PDW source to 
represent the unradiogenic endmember for the corals (Fig. 9a). Therefore, intervals with less 
radiogenic coral compositions cannot simply reflect an increased Pacific influence south of 
Tasmania. 
To summarise, the above discussion demonstrates that (i) Pb isotopic variability in the 
Southern Ocean upstream of Tasmania is sufficient to explain the range of values seen in our 
coral data (with the exception of one outlying unradiogenic data point); and (ii) a radiogenic 
Pb isotope signal generated from continental inputs in the Atlantic sector and carried 
eastwards within the Antarctic Circumpolar Current represents a suitable radiogenic 
endmember for the mixing array. 
 
4.2.3 Regional sources of Pb 
In this section, we consider whether regional hydrothermal or sedimentary Pb sources 
could be influencing seawater and coral compositions more locally, and in particular address 
whether they could represent the unradiogenic Pb endmember for the binary mixing array.  
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Although volcanic ridges or islands could represent a candidate for unradiogenic Pb 
inputs, Pb in hydrothermal fluids is mostly removed near the vent (Chen et al., 1986; Noble et 
al., 2015). Therefore, while the Pb isotopic composition of some ferromanganese crusts and 
nodules implies a local contribution of hydrothermal sources (Abouchami and Goldstein, 
1995; Vlastelic et al., 2001; van de Flierdt et al., 2004b), such inputs have generally been 
considered to be negligible for the deep ocean Pb budget. Here, we rule out any significant 
influence from the Kerguelen and Heard Islands, which are upstream in the Antarctic 
Circumpolar Current flow path, because the Pb isotopic composition of those ocean island 
basalts is not seen in Kerguelen ferromanganese crusts (Abouchami and Goldstein, 1995), 
and would in any case not represent a suitable endmember (i.e., 208Pb/204Pb is too high at a 
given 206Pb/204Pb) (Iwamori et al., 2010). Basalts from the more proximal Southeast Indian 
Ridge (Iwamori et al., 2010) appear to have influenced the composition of ferromanganese 
crust E-PhC/54-6 (3.42 km depth; Fig. 1) collected from near the ridge crest (Abouchami and 
Goldstein, 1995; Vlastelic et al., 2001) (Fig. 9a,b). However, in detail, both those basalts and 
crust E-PhC/54-6 have 207Pb/204Pb ratios that are too low at a given 206Pb/204Pb to fall along 
an extension of the coral array (Fig 9a), suggesting that this source may also be ruled out. By 
the same reasoning, basalts from the Pacific-Antarctic Ridge (Hamelin et al., 2011) are also 
an unsuitable source. 
Given the short ocean residence time of Pb, it is reasonable to consider whether local 
inputs from Tasmania could provide a Pb source to the mid-depth ocean. Unfortunately, 
riverine evidence from Tasmania is limited, but the Pb isotopic compositions of pre-
anthropogenic river sediments from the Derwent and Huon rivers of Tasmania (Townsend 
and Seen, 2012) (Fig. 9c,d) are not suitable endmembers for the deglacial coral mixing line. 
Similarly, considering Tasmanian bedrock lithologies, neither the Jurassic dolerite that 
comprises eastern Tasmania (Allegre et al., 1982; Hergt et al., 1989), nor the Tertiary plume-
related basalts that form seamounts off its southern coast (Ewart et al., 1988; Lanyon et al., 
1993), have compositions that overlap with the coral array. We therefore argue against a local 
control on the coral record, although more data on the composition of Tasmanian inputs 
(particularly from the Proterozoic basement rocks of western Tasmania) would be useful 
before this possibility could be completely ruled out.  
Considering more regional sources, the Pb isotopic composition of potential dust 
source areas in Australia (Fig. 9c,d; Vallelonga et al., 2010; see Fig. 1 for sampling 
locations), combined with evidence for a dust plume originating in this region (Mahowald et 
al., 2011), suggests that some contribution from Australian dust input is possible. However, 
  
25 
 
those data are insufficiently unradiogenic for dust to represent the unradiogenic endmember 
(Fig. 9c,d). In contrast, the compositions of riverine clays from the Murray Darling Basin (de 
Deckker et al., 2010; de Deckker and Norman, 2010), which is the major river system 
draining south and southeast Australia (Fig. 1), plot close to the most unradiogenic coral data 
along an extension of the mixing array (Fig. 9c,d). Despite the modest discharge and 
sediment yields from the Darling River today (Milliman and Meade, 1983), it appears that 
such Australian riverine inputs could represent the unradiogenic endmember, and at times 
may have contributed significantly to the ocean Pb budget in this region. Such local surface 
Pb inputs could be transferred by riverine input and vertical particle exchange (Henderson 
and Maier-Reimer, 2002), or through boundary exchange processes between margin 
sediments and seawater (Vlastelic et al., 2001; Wilson et al., 2015a; Chen et al., 2016), 
thereby allowing this riverine signature to reach the mid-depths of the Southern Ocean. The 
transfer of such a signature from southern Australia to south of Tasmania (~1500 km) appears 
feasible since both data (Abouchami and Goldstein, 1995; Vlastelic et al., 2001) and models 
(Henderson and Maier-Reimer, 2002) indicate Pb isotope mixing domains on length scales of 
thousands of kilometres in the deep ocean, and given also that these distances could be 
extended by rapid advection within the Antarctic Circumpolar Current.  
 
4.2.4 Paleoclimate implications of glacial-interglacial stability and millennial variability 
Our deglacial coral Pb isotope record, based on samples from ~1.4-1.7 km water 
depths and covering the interval ~12-40 ka BP, records millennial timescale variability but no 
glacial-interglacial trend (Fig. 7). In some cases, Pb isotope changes through time could arise 
due to changes in weathering mechanism or intensity in the source regions of Pb supplied to 
the oceans, leading to the preferential release of radiogenic Pb from radiation-damaged sites 
or radiogenic accessory minerals in the period following glacial erosion (Erel et al., 1994; 
Harlavan and Erel, 2002). However, while that interpretation may be relevant to records from 
the North Atlantic close to the glaciated margins of Greenland and Laurentia (Foster and 
Vance, 2006; Gutjahr et al., 2009; Crocket et al., 2012), such a control appears unlikely in the 
present setting south of Tasmania. Both the high frequency variability and the lack of a clear 
glacial-interglacial signal in our deep-sea coral record (Fig. 10c) are quite distinct from those 
North Atlantic Pb isotope records, making it hard to invoke a glacial weathering control. 
Instead, to a first order, our record indicates a general stability of the Pb sources to the ocean 
through time, as previously observed in glacial-interglacial ferromanganese crust records 
from the Pacific Ocean (Abouchami et al., 1997) and Atlantic Ocean (Claude-Ivanaj et al., 
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2001). Therefore, we focus on mixing between two fixed and isotopically distinct Pb sources 
as the major control on millennial variability in the coral record. In that scenario, the simplest 
explanation involves mixing between radiogenic Pb derived from upstream in the Antarctic 
Circumpolar Current (Atlantic-Indian sector) and regionally-sourced unradiogenic riverine Pb 
inputs from Australia. Temporal variability could then be due to changes in Pb inputs in the 
Atlantic sector, changes in their transport to Tasmania, or changes in the regional Australian 
Pb inputs.  
In order to decipher the likely controls on our new Pb isotope record, we first consider 
its relationship to other tracer reconstructions from the deglacial Southern Ocean (Fig. 10). 
Although there are no published deglacial Nd isotope records from fully within the Southern 
Ocean, a number of studies have inferred its temporal evolution from locations in the 
Atlantic, Indian and Pacific basins that are ventilated predominantly by southern-sourced 
water masses, at both intermediate and deep depths (e.g. Piotrowski et al., 2012; Noble et al., 
2013; Wilson et al., 2015b; Hu et al., 2016). Those reconstructions are dominated by a 
glacial-interglacial shift of ~1.5-3 εNd units (Fig. 10e), which has generally been interpreted 
in terms of a reduced influence of Atlantic (NADW) versus Pacific (PDW) derived water 
masses in the Southern Ocean during the last glacial period. Since our Pb isotope record (Fig. 
10c) lacks a glacial-interglacial trend and instead shows high frequency variations, these two 
tracers appear to be decoupled in this location. Given the shorter deep ocean residence time 
of Pb than Nd, it is perhaps unsurprising that the Pb isotope record is not responding in the 
same way as Nd isotopes to global or basin scale circulation changes. In a simple global 
model, Henderson and Maier-Reimer (2002) inferred particularly short deep ocean residence 
times for Pb in the Southern Ocean (~10-30 years), which are at least an order of magnitude 
shorter than global estimates of deep ocean Nd residence times (Siddall et al., 2008; Rempfer 
et al., 2011). Therefore, if water mass mixing is influencing the deglacial Pb isotope 
evolution, then it must be recording mixing over shorter time and length scales than the intra-
basin mixing recorded by Nd isotopes. Alternatively, due to its shorter residence time, the Pb 
isotope record may be responding to variations in southern African or Australian continental 
inputs, without these significantly influencing the Nd isotope budget of the Southern Ocean. 
In either case, the distinct behaviour of Pb isotopes through time appears to provide some 
support that those Nd isotope records are indeed reflecting more global changes. 
There is also no simple relationship between our new Pb isotope record and 
radiocarbon reconstructions made on the same set of Tasmanian corals (Hines et al., 2015) 
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(Fig. 10d), which clearly reflects the different processes controlling these tracers. Whereas 
radiocarbon signatures are set by atmospheric exchange in water mass source regions and 
subsequent ventilation timescales, leading to interpretations of deglacial variability in terms 
of surface ocean frontal shifts (Hines et al., 2015), Pb isotopes in this location are expected to 
record an integrated signal of Pb supplied to the Southern Ocean from water masses and/or 
sedimentary sources and would not be simply reset by exposure at the high latitude ocean 
surface. 
While there is no clear glacial-interglacial shift in the coral-based Pb isotope record, 
the indication of millennial timescale variability is an interesting feature, which may possibly 
be related to Heinrich stadials in the North Atlantic and their corresponding Antarctic warm 
events in the Southern Ocean (pink bars in Fig. 10). However, given the modest sampling 
resolution of the record, a shift towards more radiogenic Pb isotopic compositions at the start 
of warm intervals in the Southern Ocean is only clearly resolved for Heinrich Stadial 1. Such 
a shift in Pb isotopes could be caused by a number of mechanisms, reflecting circulation or 
climate change in the Southern Ocean. We suggest that the simplest interpretation would 
involve an increase in lateral transport of the radiogenic Pb isotope signature carried from the 
Atlantic sector and/or Agulhas Basin via Kerguelen Plateau (Abouchami and Goldstein, 
1995; Vlastelic et al., 2001), thereby reducing the relative contribution of unradiogenic 
Australian Pb inputs at these times. Intriguingly, recent sedimentological evidence for 
enhanced flow speed in the northern branch of the Antarctic Circumpolar Current during 
Antarctic warm events (Lamy et al., 2015) (Fig. 10b), potentially tied to warmer temperatures 
and equatorward-shifted southern westerly winds, appears to support this idea. We therefore 
suggest that Pb isotopes may be responding to mixing dynamics within the Antarctic 
Circumpolar Current, but additional records from other locations, and higher resolution 
evidence during key intervals, would be necessary in order to confirm such a hypothesis. 
Finally, we note that the most extreme excursions to unradiogenic Pb isotope 
compositions were recorded during the Last Glacial Maximum and Antarctic Cold Reversal 
(Fig. 10c). If the Antarctic Circumpolar Current was weaker at these times (Fig. 10b), the 
reduction in transport from upstream may have led to a greater dominance of local 
unradiogenic riverine inputs from the Murray Darling Basin, while changing riverine input 
fluxes tied to Australian climate could represent a potential additional control. Enhanced 
precipitation over south and southeast Australia during the deglaciation, potentially related to 
enhanced La Nina conditions and/or extended southern westerly winds (Vandergoes and 
Fitzsimons, 2003; Petherick et al., 2013), is indicated by records of enhanced fluvial activity 
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(and high variability) in the Murray Darling Basin. For example, there were high flow 
conditions in the Murray Darling Basin from around 20-12 ka BP (Page et al., 1996; Page et 
al., 2009), and increased fluvial-derived illite is recorded in the marine sediments of Murray 
Canyon at ~13.5 ka BP during the Antarctic Cold Reversal (Gingele et al., 2007). The 
Tasmanian coral Pb isotope record may have responded to such input changes, thereby 
providing evidence on such regional climate shifts, but fully deciphering the roles of 
changing inputs versus current transport will require more extensive multi-proxy tracer 
reconstructions within the Southern Ocean. 
 
5. CONCLUSIONS 
 
We have developed a procedure to obtain robust Pb isotopic composition data 
(including the minor 204Pb isotope) on ~500 mg of fossil coral aragonite, typically containing 
~5 ng of Pb. Our method includes physical and chemical cleaning, digestion, a 2-step anion 
exchange chemistry procedure, and analysis by TIMS using a 207Pb-204Pb double spike. By 
using a 1012 Ω resistor to measure the 204Pb beam, we obtain a significant improvement in 
both internal precision and long term external reproducibility, thereby aiding application to 
small sample sizes. For example, measurements on a 2 ng NIST-SRM-981 Pb standard 
indicate an internal precision on 20xPb/204Pb of ~230 ppm and external reproducibility of ~550 
ppm. 
Coral cleaning experiments demonstrate that physical and chemical cleaning are 
necessary to remove recent anthropogenic Pb contaminants and to recover natural Pb isotopic 
compositions from deep-sea corals. In that case, the good agreement with the compositions of 
ferromanganese crusts and nodules suggests that deep-sea coral aragonite may provide a 
reliable archive of dissolved seawater Pb isotopic composition for the pre-anthropogenic 
oceans. In addition, the precision and reproducibility of our measurements, even those made 
on a few nanograms of Pb, has a good resolving power in comparison to the spatial and 
temporal variability of Pb isotopes recorded in the oceans (e.g. Abouchami and Goldstein, 
1995; Vlastelic et al., 2001; Wilson et al., 2015a), and particularly in the North Atlantic (e.g. 
Foster and Vance, 2006; Gutjahr et al., 2009). 
In order to start exploiting the potential of this approach, we generated a Pb isotope 
time series from a collection of late glacial and deglacial deep-sea corals from the mid-depth 
Southern Ocean south of Tasmania. Those data record binary mixing in Pb isotope space, 
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which can be explained by mixing between a radiogenic endmember transported from 
upstream within the Antarctic Circumpolar Current and an unradiogenic endmember, 
potentially supplied locally from Australia. Over glacial-interglacial timescales, the temporal 
constancy of Pb sources to the corals contrasts with glacial-interglacial Nd isotope shifts in 
Southern Ocean water masses, highlighting the ability of Pb and Nd isotopes to provide 
complementary paleoceanographic information in this region. In addition, Pb isotope 
variability on millennial timescales appears to record dynamic changes within the Antarctic 
Circumpolar Current, but potentially also climatically-controlled changes in continental 
inputs.  
For a wider application of Pb isotopes in the deep-sea coral archive, and particularly 
for high resolution reconstructions, future studies will need to further investigate the 
mechanisms and timescale of Pb incorporation into coral skeletons, the possible role of minor 
accessory phases in controlling Pb concentrations, and the potential influence of post-mortem 
addition of anthropogenic Pb. In addition, higher resolution records and wider geographical 
coverage would advance our understanding of Pb isotopes as a tracer in deep-sea corals and 
improve paleoceanographic interpretations. Considering the improved sensitivity of the new 
generation of MC-ICP-MS instruments, and the potential for increased precision offered by 
1012 or 1013 Ω resistors, such a prospect now appears feasible. 
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Table 1: Summary of Pb isotope data for NIST-SRM-981 Pb standard, BCR-2 rock standard, and in-house coral standard 
Sample NIST-SRM-981 NIST-SRM-981 BCR-2 Coral std Coral std 
Amount (ng) 2 2 2 3.1 31 
Resistor (Ω) 1011 1012 1012 1012 1012 
Mean 204Pb beam size (mV) 5.86 6.65 1.68 4.62 24.66 
206
Pb/
204
Pb 16.941 16.941 18.748 18.376 18.383 
External 2 s.d. 0.015 0.008 0.027 0.018 0.005 
External 2 s.d. (ppm) 884 490 1437 983 288 
Internal 2 s.e. typical (ppm) 405 212 676 278 84 
207Pb/204Pb 15.494 15.495 15.622 15.623 15.629 
External 2 s.d. 0.015 0.009 0.018 0.015 0.004 
External 2 s.d. (ppm) 956 567 1169 976 240 
Internal 2 s.e. typical (ppm) 423 226 699 306 88 
208
Pb/
204
Pb 36.714 36.717 38.718 38.320 38.339 
External 2 s.d. 0.038 0.022 0.051 0.043 0.012 
External 2 s.d. (ppm) 1018 598 1315 1129 303 
Internal 2 s.e. typical (ppm) 445 245 742 338 94 
External/Internal for 20xPb/204Pb 2.3 2.4 1.9 3.4 3.1 
Number of analyses (n) 89 47 10 10 13 
 
Notes: 
Mean 204Pb beam size is reported throughout as though measured on a 1011 Ω resistor. 
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Table 2: Lead isotope data from coral cleaning experiment 
Lab code Cleaning 
Weight 
loss 
Minimum 
[Pb] 
206
Pb/
204
Pb 2 s.e. 
207
Pb/
204
Pb 2 s.e. 
208
Pb/
204
Pb 2 s.e. 
206
Pb/
207
Pb 2 s.e. 
208
Pb/
207
Pb 2 s.e. 
 
208
Pb/
206
Pb 
 
2 s.e. 
Amount 
run Mean 
204
Pb beam 
    (%) (ng/g)                       (ng) (V) 
A.1 full cleaning 7 340 18.7675 0.0007 15.6575 0.0006 38.7703 0.0016 1.19863 0.00001 2.47618 0.00002 2.06583 0.00002 91.1 0.075 
A.2a full cleaning [1] 7 313 18.7651 0.0014 15.6548 0.0013 38.7630 0.0032 1.19867 0.00002 2.47614 0.00004 2.06572 0.00004 46.3 0.024 
A.2b full cleaning [1] n.a. n.a. 18.7667 0.0016 15.6558 0.0013 38.7658 0.0033 1.19871 0.00002 2.47615 0.00004 2.06567 0.00003 42.2 0.017 
A.2c full cleaning [1] n.a. n.a. 18.7300 0.0244 15.6230 0.0207 38.6745 0.0559 1.19880 0.00025 2.47621 0.00046 2.06544 0.00057 1.3 0.001 
A.2d full cleaning [1] n.a. n.a. 18.7615 0.0144 15.6441 0.0125 38.7500 0.0337 1.19917 0.00019 2.47683 0.00037 2.06548 0.00052 1.4 0.001 
A.3 full cleaning [2] 7 291 18.7596 0.0005 15.6559 0.0005 38.7588 0.0015 1.19825 0.00001 2.47568 0.00002 2.06608 0.00003 92.8 0.114 
B full cleaning [3] 8 323 18.7701 0.0016 15.6602 0.0019 38.7791 0.0064 1.19860 0.00005 2.47622 0.00011 2.06592 0.00018 139.6 0.136 
C full cleaning [4] 27 364 18.7798 0.0006 15.6554 0.0005 38.7795 0.0015 1.19957 0.00001 2.47704 0.00003 2.06494 0.00002 89.7 0.086 
D chemical only 13 284 18.7030 0.0092 15.6392 0.0077 38.6837 0.0187 1.19593 0.00009 2.47348 0.00017 2.06820 0.00011 61.4 0.002 
E uncleaned 6 974 18.2101 0.0008 15.6129 0.0008 38.1466 0.0019 1.16635 0.00001 2.44327 0.00003 2.09478 0.00003 86.9 0.035 
F physical only 10 92 18.7709 0.0017 15.6560 0.0015 38.7659 0.0039 1.19895 0.00002 2.47601 0.00004 2.06517 0.00006 14.8 0.025 
 
Notes: 
Errors on Pb isotope measurements represent internal precision (2 s.e.). 
External reproducibility (2 s.d.) for 20xPb/204Pb is likely to be around 3 times internal precision (see discussion in text). 
All measurements were made using the 1012 Ω resistor for the unspiked run, except for sample F. 
Weight loss reports loss during chemical cleaning procedure. 
[1]: Chemistry replicate. 
[2]: Chemistry replicate with aqua regia step. 
[3]: Full procedural replicate. 
[4]: Full procedural replicate with crushing. 
 
  
  
33 
 
Table 3: Lead isotope data from deglacial corals 
Lab code Sample name Depth Age 2σ 
Weight 
loss 
Minimum 
[Pb] 
206
Pb/
204
Pb 2 s.e. 
207
Pb/
204
Pb 2 s.e. 
208
Pb/
204
Pb 2 s.e. 
206
Pb/
207
Pb 2 s.e. 
208
Pb/
207
Pb 2 s.e. 
 
208
Pb/
206
Pb 
 
2 s.e. 
Amount 
run 
Mean 
204
Pb 
beam 
    (m) (ka BP)   (%) (ng/g)                     
  
(ng) (V) 
T9 TN228-J2-393-0112-0730-13-1442-008 1442 12.21 0.13 9 12.9 18.7266 0.0033 15.6532 0.0029 38.7433 0.0075 1.19628 0.00005 2.47497 0.00009 2.06888 0.00010 3.3 0.006 
T16 TN228-J2-387-1226-1635-23-1599-014 1599 13.35 0.03 10 7.3 18.7886 0.0041 15.6577 0.0034 38.8009 0.0089 1.20000 0.00005 2.47813 0.00009 2.06509 0.00012 3.9 0.005 
T15 TN228-J2-387-1226-1635-23-1599-003  1599 13.62 0.08 10 12.0 18.7398 0.0023 15.6517 0.0020 38.7409 0.0050 1.19730 0.00003 2.47520 0.00006 2.06733 0.00007 4.4 0.009 
T10 * TN228-J2-395-0113-1830-05-1947-003 1947 13.71 0.16 7 7.8 18.5087 0.0046 15.6383 0.0037 38.4984 0.0099 1.18355 0.00006 2.46182 0.00010 2.08002 0.00011 3.3 0.004 
T11 * TN228-J2-387-1225-1253-11-1898-001 1898 14.38 0.05 16 6.6 18.8001 0.0041 15.6605 0.0037 38.8164 0.0101 1.20057 0.00006 2.47858 0.00012 2.06449 0.00017 2.8 0.005 
T17 TN228-J2-387-1226-1635-23-1599-016 1599 14.39 0.08 8 8.8 18.6481 0.0034 15.6404 0.0030 38.6288 0.0078 1.19228 0.00005 2.46994 0.00009 2.07159 0.00010 3.0 0.006 
T18 TN228-J2-387-1226-1507-22-1616-004 1616 14.83 0.03 11 35.5 18.7318 0.0017 15.6511 0.0019 38.7303 0.0058 1.19686 0.00004 2.47462 0.00009 2.06760 0.00015 14.3 0.026 
T19 TN228-J2-382-1216-1010-01-1689-004 1689 17.28 0.11 8 5.8 18.7739 0.0081 15.6578 0.0068 38.7747 0.0167 1.19903 0.00010 2.47646 0.00018 2.06539 0.00018 3.0 0.003 
T20 TN228-J2-382-1216-1010-01-1689-009 1689 17.61 0.16 17 9.4 18.7381 0.0075 15.6463 0.0067 38.7335 0.0173 1.19753 0.00009 2.47531 0.00015 2.06695 0.00018 1.6 0.003 
T21 TN228-J2-382-1216-1350-03-1523-007 1523 18.33 0.04 8 13.7 18.6817 0.0012 15.6472 0.0011 38.6772 0.0029 1.19392 0.00002 2.47180 0.00004 2.07033 0.00006 7.4 0.022 
T22 TN228-J2-383-1217-1320-05-1460-009 1460 19.48 0.06 13 72.6 18.7492 0.0015 15.6516 0.0013 38.7410 0.0035 1.19792 0.00002 2.47520 0.00004 2.06625 0.00005 32.9 0.018 
T23 # TN228-J2-383-1217-0725-01-1575-023 1575 19.79 0.19 7 16.5 18.7374 0.0025 15.6549 0.0023 38.7496 0.0061 1.19695 0.00003 2.47530 0.00007 2.06800 0.00008 8.7 0.009 
T25 # TN228-J2-382-1216-1350-03-1523-005 1523 21.40 0.18 7 15.0 18.7702 0.0033 15.6549 0.0030 38.7815 0.0076 1.19898 0.00004 2.47713 0.00008 2.06598 0.00008 7.7 0.007 
T24 TN228-J2-382-1216-1350-03-1523-003 1523 21.70 0.16 7 15.7 18.7804 0.0030 15.6558 0.0027 38.7915 0.0076 1.19964 0.00005 2.47784 0.00008 2.06554 0.00012 8.1 0.008 
T24 rep TN228-J2-382-1216-1350-03-1523-003 1523 21.70 0.16 9 11.3 18.7655 0.0042 15.6456 0.0039 38.7549 0.0100 1.19942 0.00006 2.47725 0.00010 2.06531 0.00010 5.6 0.006 
T26 TN228-J2-395-0114-0057-09-1500-010 1500 25.20 0.14 15 16.8 18.7892 0.0025 15.6572 0.0022 38.7968 0.0056 1.20002 0.00003 2.47785 0.00006 2.06486 0.00007 7.0 0.009 
T27 TN228-J2-383-1217-0725-01-1575-017 1575 26.19 0.06 33 34.4 18.7422 0.0025 15.6485 0.0023 38.7344 0.0060 1.19768 0.00004 2.47533 0.00008 2.06673 0.00010 4.3 0.009 
T28 TN228-J2-395-0114-0057-09-1500-003 1500 30.77 0.19 9 63.8 18.7562 0.0009 15.6556 0.0008 38.7675 0.0023 1.19807 0.00002 2.47628 0.00003 2.06688 0.00004 31.4 0.032 
T30 TN228-J2-383-1217-0725-01-1575-007 1575 31.29 0.17 10 29.7 18.7472 0.0019 15.6473 0.0017 38.7332 0.0044 1.19813 0.00003 2.47541 0.00005 2.06609 0.00006 13.7 0.012 
T33 TN228-J2-383-1217-0725-01-1575-009 1575 32.25 0.12 8 18.0 18.7555 0.0018 15.6480 0.0015 38.7302 0.0038 1.19861 0.00002 2.47509 0.00004 2.06494 0.00004 7.9 0.013 
T31 # TN228-J2-383-1217-0725-01-1575-025 1575 32.71 0.36 8 54.5 18.7771 0.0009 15.6525 0.0008 38.7740 0.0021 1.19965 0.00002 2.47717 0.00003 2.06492 0.00003 24.9 0.031 
T29 TN228-J2-382-1216-1010-01-1689-007 1689 34.36 0.16 9 15.1 18.7664 0.0041 15.6526 0.0035 38.7760 0.0090 1.19892 0.00006 2.47724 0.00008 2.06632 0.00007 6.4 0.004 
T32 TN228-J2-393-0112-0124-06-1657-004  1657 36.33 0.11 7 16.4 18.7314 0.0021 15.6491 0.0018 38.7185 0.0048 1.19702 0.00003 2.47424 0.00006 2.06703 0.00006 7.6 0.010 
T13 *$ TN228-J2-386-1223-0739-07-0958-001 958 36.42 0.24 15 47.8 18.7746 0.0014 15.6586 0.0014 38.7861 0.0042 1.19897 0.00003 2.47690 0.00006 2.06586 0.00009 13.8 0.021 
T14 * TN228-J2-393-0111-1851-02-1816-008 1816 38.66 0.09 11 26.2 18.7474 0.0016 15.6554 0.0015 38.7561 0.0042 1.19749 0.00003 2.47556 0.00006 2.06732 0.00009 9.4 0.017 
T34 TN228-J2-395-0114-0057-09-1500-009  1500 39.70 0.16 18 187.5 18.7456 0.0009 15.6509 0.0009 38.7436 0.0027 1.19774 0.00002 2.47548 0.00004 2.06680 0.00007 89.5 0.079 
 
Notes: 
Errors on Pb isotope measurements represent internal precision (2 s.e.). 
External reproducibility (2 s.d.) for 20xPb/204Pb is likely to be around 3 times internal precision (see discussion in text). 
All measurements were made using the 1012 Ω resistor for the unspiked run. 
All U-Th data are from Hines et al. (2015) unless otherwise stated. 
rep: Full procedural replicate for Pb isotope data. 
*: See Table S1 for U-Th dates. 
#: High 232Th ( > 2000 ppt) indicated in Hines et al. (2015). 
$: Non-marine δ234Ui (where marine is defined as 147±7 pre-17 ka and 141.7±7.8 post-17 ka by IntCal09).
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FIGURE CAPTIONS 
 
Fig. 1: Location of deep-sea corals south of Tasmania (yellow diamond) in comparison to the locations of other 
paleoceanographic records (red squares), Southern Ocean ferromanganese crusts and nodules (circles), and 
potential regional Pb sources (various symbols). Ferromanganese crusts and nodules are from Abouchami and 
Goldstein (1995; all samples), von Blanckenburg et al. (1996; their southern-most three samples) and Vlastelic 
et al. (2001; samples from the Agulhas Basin, Mozambique Basin, Crozet Basin, Kerguelen Plateau, and 
Australian-Antarctic Basin), and are distinguished by sector as in those studies: Atlantic (70W to 0), Indian (0 to 
148E), Pacific (148E to 70W). Particular samples are highlighted in black boxes: Tasmanian sample SO-
36/52KD (von Blanckenburg et al., 1996); Kerguelen samples DR8604, DR8605, DR8607 and DR8608 
(Vlastelic et al., 2001); Agulhas Basin sample V29-D6 (Vlastelic et al., 2001); southwest Pacific sample SO-
36/63KD (van de Flierdt et al., 2004a); and Southeast Indian Ridge sample E-PhC/54-6 (Vlastelic et al., 2001). 
Anthropogenic Pb sources include modern seawater (South Atlantic; cruise D357, station 3, 36°S, 13°E; Paul et 
al., 2015a); Tasmanian aerosols (Bollhofer and Rosman, 2000); and recent sediments from the Derwent River, 
Tasmania (Townsend and Seen, 2012). Natural Pb sources include pre-anthropogenic sediments from the 
Derwent River, Tasmania (Townsend and Seen, 2012); detrital sediments from the northern Agulhas Basin 
(cores ODP 1088-1090; Noble et al., 2012); clays from the Murray Darling Basin (de Deckker et al., 2010; de 
Deckker and Norman, 2010); and chemically extracted fine fractions from Australian dust source areas 
(Vallelonga et al., 2010). Paleoceanographic records are from MD07-3128 (1.03 km water depth; Lamy et al., 
2015); TNO57-21 (~5.0 km; Piotrowski et al., 2008; Piotrowski et al., 2012); ODP 1087 (~1.4 km; Hu et al., 
2016); SK129-CR2 (~3.8 km; Wilson et al., 2015b); CHAT 5K (~4.2 km; Noble et al., 2013); and Y9 (~1.3 km; 
Hu et al., 2016). Basemap from GeoMapApp. 
 
Fig. 2: Oceanographic setting of deep-sea corals collected from south of Tasmania. Plots show (a) salinity 
section (Zweng et al., 2013), (b) oxygen section (Garcia et al., 2014), and (c) transect line in map view. Coral 
sample locations are shown schematically with yellow box (majority of deglacial corals), yellow circles 
(outlying shallower and deeper deglacial corals) and red circle (coral used for cleaning experiments). For 
detailed sample locations, see Figure 1b of Thiagarajan et al. (2013). Major water masses are labelled: AABW = 
Antarctic Bottom Water; AAIW = Antarctic Intermediate Water; LCDW = Lower Circumpolar Deep Water; 
PDW = Pacific Deep Water; UCDW = Upper Circumpolar Deep Water. Data visualised in Ocean Data View 
(Schlitzer, 2015). Note that in order to emphasise interior-ocean features, some of the surface and shallow 
subsurface data extend to values outside the limits of the salinity and oxygen colour scales. 
 
Fig. 3: Column yields for our in-house coral standard based on two-stage ion exchange chemistry using 100 µL 
columns, as described in the text. The symbols and solid line show the observed yields, whereas the dashed line 
indicates the expected relationship for a 100 % column yield. Note that yields are better than ~90 % for up to 0.2 
g of coral (vertical dotted line), beyond which yields diminish significantly. 
 
Fig. 4: Evaluation of precision and accuracy of TIMS measurements. (a) 207Pb/204Pb versus 206Pb/204Pb for 
NIST-SRM-981 Pb standard, measured using either 1011 Ω or 1012 Ω resistors for the 204Pb beam. (b) 
208Pb/204Pb versus 206Pb/204Pb for NIST-SRM-981 Pb standard. (c) Internal precision (2 s.e.) on 20xPb/204Pb as a 
function of average beam size on 204Pb for the unspiked run, plotted for both the NIST-SRM-981 Pb standard 
and our in-house coral standard. The dashed curve indicates the theoretical precision from counting statistics 
alone (John and Adkins, 2010), based only on the unspiked run which represents the main source of uncertainty. 
The measured data lie significantly above that curve, indicating that Johnson noise is the predominant control on 
internal precision for this range of beam sizes. The solid curves are indicative fits through the data and indicate 
the improvement in precision when using the 1012 Ω (versus 1011 Ω) resistor. Measurements of our in-house 
coral standard (typically 3.1 ng, but a few larger samples are included) indicate quite comparable behaviour to 
the NIST-SRM-981 standards. Note that two measurements with very poor beam intensities (open triangles) are 
included in this plot to demonstrate the internal precision as a function of beam size, but are otherwise excluded 
from our statistics. (d) Relationship between internal precision and external reproducibility on 20xPb/204Pb, for 
NIST-SRM-981 Pb standard, in-house coral standard and BCR-2 rock standard. For the main curve (black line 
with diamond symbols), all individual NIST-SRM-981 Pb analyses (Table S3) were ordered by their internal 
precision, grouped into sets of 20 analyses (or 16 for the final data point), and both the average internal 
precision (2 s.e.) and the external reproducibility (2 s.d.) of the 20 analyses within each set were calculated. Data 
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points based on the full datasets of various standards (individual large symbols) are also shown based on data in 
Table 1. Dotted lines show indicative 1:1 and 2.5:1 lines, with external reproducibility generally scaling as 
approximately 2.5 times internal precision for the NIST-SRM-981 standards. Data from the coral and BCR-2 
standards are quite consistent with the relationship shown for the NIST-SRM-981 standards.  
 
 
Fig. 5: Lead isotope results from the coral cleaning experiment, plotted as (a,c) 207Pb/204Pb versus 206Pb/204Pb, 
and (b,d) 208Pb/204Pb versus 206Pb/204Pb. (a,b) Detailed view of data from coral cleaning experiments A, B, C, D 
and F compared to the composition of the most local ferromanganese crust SO-36/52KD (46°S, 147°E, 1.7 km 
depth; von Blanckenburg et al., 1996). (c,d) Data from coral cleaning experiments A-C (combined), D and E 
compared to potential Pb sources. Southern Ocean ferromanganese crusts and nodules (Abouchami and 
Goldstein, 1995; von Blanckenburg et al., 1996; Vlastelic et al., 2001) provide evidence on the likely pre-
anthropogenic compositions of seawater in the Southern Ocean (Fig. 1). The compositions of Tasmanian 
aerosols (Bollhofer and Rosman, 2000), recent sediments from the Derwent River, Tasmania (Townsend and 
Seen, 2012), and modern AAIW (South Atlantic; cruise D357, sample 3-169, 36°S, 13°E, ~1 km depth; Paul et 
al., 2015a) represent likely anthropogenic sources in the region (Fig. 1). Error bars for the coral data (only 
shown where larger than the data points) represent internal precision (2 s.e.), whereas external reproducibility is 
likely ~3 times larger (see Fig. 4d). For literature data, external reproducibility (2 s.d.) is plotted for AAIW and 
SO-36/52KD, the Tasmanian aerosol data are represented by the mean and range of two measurements, while 
for clarity uncertainties are not plotted for the fields of Southern Ocean nodules or Derwent River sediments. 
 
 
Fig. 6: Late glacial and deglacial coral Pb isotope data, plotted as (a) 207Pb/204Pb versus 206Pb/204Pb, and (b) 
208Pb/204Pb versus 206Pb/204Pb. The composition of local Tasmanian ferromanganese crust SO-36/52KD (46°S, 
147°E, 1.7 km depth; von Blanckenburg et al., 1996) is shown for comparison. Error bars on coral data points 
represent internal precision (2 s.e.) for 207Pb/204Pb, and are comparable to (or smaller than) symbol sizes for the 
other ratios. Separate error bar provides indicative external reproducibility (2 s.d.) for a typical sample 
(calculated as 3 times the average internal precision for sub-10 ng samples, based on the relationship in Fig. 4d). 
Linear best-fit lines through the coral data and their accompanying R2 values are also reported.  
 
 
Fig. 7: Late glacial and deglacial coral Pb isotope record (plotted for 206Pb/204Pb; other ratios have a similar 
pattern) compared to the Antarctic ice core δ18O temperature proxy record from WAIS Divide Core (WDC; 
Buizert et al., 2015). The majority of coral samples are from 1.44-1.69 km water depth and those data are 
connected by a line. Deeper samples (1.90-1.95 km; downward triangle) and shallower samples (0.96 km; 
upward triangle) are plotted separately. Error bars on coral data represent internal precision (2 s.e.) and are only 
shown where larger than symbol sizes. Separate error bar provides indicative external reproducibility (2 s.d.) for 
a typical sample (as described in Fig. 6 caption). Uncertainties in coral ages are smaller than symbol sizes. Time 
intervals are labelled along the x axis: ACR = Antarctic Cold Reversal; EH = Early Holocene; HS = Heinrich 
Stadial; LGM = Last Glacial Maximum.  
 
 
Fig. 8: Potential sources of anthropogenic versus natural Pb to the glacial and deglacial corals, assessed from (a) 
207Pb/204Pb versus 206Pb/204Pb, and (b) 208Pb/204Pb versus 206Pb/204Pb. Southern Ocean ferromanganese crust and 
nodule data (Abouchami and Goldstein, 1995; von Blanckenburg et al., 1996; Vlastelic et al., 2001; Fig. 1) 
provide evidence on the likely pre-anthropogenic composition of seawater in this region, which is dominantly 
influenced by continental weathering inputs that are represented here by the estimated average composition of 
the Upper Continental Crust (Garcon et al., 2013). Anthropogenic sources are represented by Tasmanian 
aerosols (Bollhofer and Rosman, 2000), recent sediments from the Derwent River, Tasmania (Townsend and 
Seen, 2012), and the modern day compositions of seawater from a South Atlantic profile (cruise D357, station 3, 
36°S, 13°E; Paul et al., 2015a) (locations in Fig. 1). The uncleaned coral E from our cleaning experiment may 
also provide an indication of local anthropogenic Pb sources, although it was collected from a shallower depth 
(~1.2 km) than the deglacial corals. The dashed arrow points in the direction of those potential anthropogenic Pb 
sources. Water masses are labelled for the modern seawater data: AAIW = Antarctic Intermediate Water; 
NADW = North Atlantic Deep Water; CDW = Circumpolar Deep Water. 
 
 
Fig. 9: Potential sources of natural Pb to the glacial and deglacial corals, assessed from (a,c) 207Pb/204Pb versus 
206Pb/204Pb, and (b,d) 208Pb/204Pb versus 206Pb/204Pb. (a,b) Coral data compared to Southern Ocean 
ferromanganese crust and nodule data (Abouchami and Goldstein, 1995; von Blanckenburg et al., 1996; 
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Vlastelic et al., 2001), distinguished by sector (Fig. 1). Particular samples are highlighted: Tasmanian sample 
SO-36/52KD (von Blanckenburg et al., 1996); Kerguelen samples DR8604, DR8605, DR8607 and DR8608 
(Vlastelic et al., 2001); Agulhas Basin sample V29-D6 (Vlastelic et al., 2001); southwest Pacific sample SO-
36/63KD (van de Flierdt et al., 2004a); and Southeast Indian Ridge sample E-PhC/54-6 (Vlastelic et al., 2001). 
Error bars are only shown for those highlighted samples and represent external reproducibility (2 s.d.); for data 
from Vlastelic et al. (2001) and van de Flierdt et al. (2004a) the uncertainties are comparable to symbol size. 
(c,d) Coral data compared to potential sedimentary input sources: detrital sediments from the northern Agulhas 
Basin (cores ODP 1088-1090; Noble et al., 2012) (large symbol represents the mean); pre-anthropogenic 
sediments from Derwent River, Tasmania (Townsend and Seen, 2012); Murray Darling Basin clays (de Deckker 
et al., 2010; de Deckker and Norman, 2010) (large symbol represents the mean); and chemically extracted fine 
fractions from Australian dust source areas (Vallelonga et al., 2010) (locations in Fig. 1). For simplicity, error 
bars are not shown in the lower panels, but the range of variability may be assessed from the fields of data.  
 
 
Fig. 10: Late glacial and deglacial coral Pb isotope record compared to records of climatic and oceanographic 
variability. (a) Antarctic ice core δ18O temperature proxy record from WAIS Divide Core (WDC; Buizert et al., 
2015). (b) Sortable silt record from sediment core MD07-3128 (1.03 km water depth) within the northern 
Antarctic Circumpolar Current (Lamy et al., 2015). (c) Tasmanian coral Pb isotope record (206Pb/204Pb; other 
ratios have a similar pattern), as in Fig. 7 but with error bars showing estimated external reproducibility 
calculated as 3 times internal precision (see Fig. 4d). (d) Tasmanian coral radiocarbon record based on samples 
from 1.43-1.75 km water depth, plotted as Epsilon 14C units (Hines et al., 2015). (e) Neodymium isotope 
reconstructions from locations influenced by southern-sourced water masses. Deep ocean records (circles) from: 
southeast Atlantic Ocean (~5.0 km; TNO57-21; Piotrowski et al., 2008; Piotrowski et al., 2012); central Indian 
Ocean (~3.8 km; SK129-CR2; Wilson et al., 2015b); southwest Pacific Ocean (~4.2 km; CHAT 5K; Noble et 
al., 2013). Mid-depth records (squares) from southeast Atlantic Ocean (~1.4 km; ODP 1087; Hu et al., 2016); 
southwest Pacific Ocean (~1.3 km; Y9; Hu et al., 2016). (f) Greenland ice core δ18O temperature proxy record 
from NGRIP (NGRIP, 2004). Locations of sediment core records are shown in Fig. 1. Uncertainties in coral 
ages are smaller than symbol sizes. Time intervals are labelled along the x axis: ACR = Antarctic Cold 
Reversal; EH = Early Holocene; HS = Heinrich Stadial; LGM = Last Glacial Maximum. ACC = Antarctic 
Circumpolar Current.  
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